PD-L1 (CD274) contributes to functional exhaustion of T cells and limits immune responses in patients with cancer. In this study, we report the identification of an human leukocyte antigen (HLA)-A2-restricted epitope from PD-L1, and we describe natural, cytolytic T-cell reactivity against PD-L1 in the peripheral blood of patients with cancer and healthy individuals. Notably, PD-L1-specific T cells were able not only to recognize and kill tumor cells but also PD-L1-expressing dendritic cells in a PD-L1-dependent manner, insofar as PD-L1 ablation rescued dendritic cells from killing. Furthermore, by incubating nonprofessional antigen-presenting cells with long peptides from PD-L1, we found that PD-L1 was rapidly internalized, processed, and cross-presented by HLA-A2 on the cell surface. Apparently, this cross-presentation was TAP-independent, as it was conducted not only by B cells but in addition by TAP-deficient T2-cells. This is intriguing, as soluble PD-L1 has been detected in the sera from patients with cancer. PD-L1-specific CTL may boost immunity by the killing of immunosuppressive tumor cells as well as regulatory cells. However, PD-L1-specific CTLs may as well suppress immunity by the elimination of normal immune cells especially PD-L1 expressing mature dendritic cells. Cancer Res; 73(6); 1-13. Ó2012 AACR.
Introduction
Harnessing of the immune system to combat cancer has achieved major breakthroughs over the past few years. Despite the fact that malignant transformation is associated with the expression of immunogenic antigens, the immune system often fails to respond effectively and becomes tolerant toward these antigens (1) . It is now recognized that it is essential to overcome this acquired state of tolerance for cancer immunotherapy to succeed. In this regard, the anti-CTLA-4 blocking antibody ipilimumab (Yervoy, Bristol-Myers Squibb) was recently approved by the U.S. Food and Drug Administration (FDA) for the treatment of melanoma after showing effect in clinical phase III studies. CTLA-4 is expressed by CTL upon activation and delivers an inhibitory signal to the T cells. Thus, CTLA-4 is a key inhibitory receptor that critically affects peripheral T-cell tolerance and T-cell function (2) . Programmed death 1 (PD-1) is another regulatory surface molecule delivering inhibitory signals important to maintain T-cell functional silence against their cognate antigens (reviewed in ref. 3) . Its ligands, known as PD-L1 (B7-H1; refs. 4, 5) and PD-L2 (B7-H2; ref. 6) , are expressed on antigen-presenting cells (APC), placental, and nonhematopoietic cells found in an inflammatory microenvironment. Moreover, PD-L1 is widely expressed by tumor cells and accordingly cancers use this to evade the host immune system (7) . Thus, tumor-infiltrating lymphocytes (TIL) are inhibited at the site of the tumor due to the elevated levels of PD-1 on the surface of TILs. In this regard, PD-1 expression has been correlated with poor prognosis in cancer. Likewise, expression of PD-L1 on tumors has been described to correlate with increased tumor aggressiveness and increased risk of death for a number of cancers of different origin including renal cell carcinoma, ovarian cancer, melanoma, as well as pancreatic cancer (8) (9) (10) (11) . Furthermore, multiple myeloma cells express PD-L1 and blocking the PD-1/PD-L1 axis by specific antibodies enhances human natural killer (NK) cell function, as NK cells from patients with myeloma express PD-1 whereas normal NK cells do not (12) . The importance of PD-1 and PD-L1 is highlighted by the fact that targeting the PD-1/ PD-L1 pathway increases antitumor immunity (3, 13) . Hence, in a multicenter phase I trial, it was described that antibodymediated blockade of PD-L1 induced durable tumor regression and prolonged stabilization in patients of different origin, including non-small cell lung cancer, melanoma, and renal cell cancer (14) . At the same time, another study showed objective clinical responses in different patients with cancer treated with anti-PD-1-blocking antibodies (15) . Preliminary data further suggested a relationship between PD-L1 expression on tumor cells and objective clinical response.
Almost a decade ago, humeral regulation of PD-L1 was reported (16) . In recent years, it has been described that specific CD4 þ as well as CD8 þ T cells recognize epitopes derived from proteins that are involved in immune regulation not only in different pathologic settings but in addition in healthy individuals (17) (18) (19) . In the present study, we here analyzed whether PD-L1 serves as a natural occurring T-cell target.
Materials and Methods

Patients
Peripheral blood mononuclear cells (PBMC) were collected from healthy individuals (average age ¼ 40 years) and patients with cancer (melanoma, renal cell carcinoma, and breast cancer; average age, 65 years). Blood samples were drawn a minimum of 4 weeks after termination of any kind of anticancer therapy. PBMCs were isolated using Lymphoprep separation, human leukocyte antigen (HLA)-typed, and frozen in fetal calf serum (FCS) with 10% dimethyl sulfoxide (DMSO). The protocol was approved by the Scientific Ethics Committee for The Capital Region of Denmark and conducted in accordance with the provisions of the Declaration of Helsinki. Written informed consent from the patients was obtained before study entry.
Prediction of HLA-A2-binding peptides from PD-L1
To identify HLA-A2-restricted CTL epitopes for PD-L1, the amino acid sequence of PD-L1 was analyzed using the "Database SYFPEITHIP" (20) available at the Internet. The 9-mer (here entitled "PD-L101") PDL1 [15] [16] [17] [18] [19] [20] [21] [22] [23] ; (LLNAFTVTV) scored 30 by the SYFPEITHI algorithm and came out as the top candidate epitope. The PD-L101 peptide and 2 long polypeptides from PD-L1 were produced; PDLong1: PDL1 9-28 , FMTYWHLL-NAFTVTVPKDL and PDLong2: PDL1 242-264 , VILGAILLCLG-VALTFIFRLRKG. Only the former (PDLong1) included the sequence of PD-L101. The HLA-A2 high-affinity binding epitope HIV-1 pol 476-484 (ILKEPVHGV) and CMV pp65 pos [495] [496] [497] [498] [499] [500] [501] [502] [503] (NLVPMVATV) was used as irrelevant controls.
ELISPOT assay
Criteria for standard protocol guidelines as well as determination of responses have been a challenge. In this regard, we are part of the working group CIP that is trying to elucidate standard guidelines (21). In the present study, the ELISPOT was conducted according to the guidelines provided by CIP. In some experiments, PBMCs were stimulated once in vitro with peptide before analysis as described (22) to extend the sensitivity of the assay. Briefly, nitrocellulose bottomed 96-well plates (MultiScreen MAIP N45; Millipore) were coated overnight with the relevant antibodies. The wells were washed, blocked by X-vivo medium, and the effector cells were added if possible in triplicates otherwise in duplicates at different cell concentrations, with or without peptide. The plates were incubated overnight. The following day, medium was discarded and the wells were washed before addition of the relevant biotinylated secondary Ab (Mabtech), followed by the Avidin-enzyme conjugate (AP-Avidin; Calbiochem/Invitrogen Life Technologies) and finally the enzyme substrate NBT/BCIP (Invitrogen Life Technologies). The spots were counted using the ImmunoSpot Series 2.0 Analyzer (CTL Analyzers). Definition of an ELISPOT response was based on the guidelines and recommendations provided by CIP as well as by Moodie and colleagues (23) by an empirical or a statistical approach; the former implies setting a threshold to represent a biologic response. This is supported by the CIP guidelines suggesting that a threshold should be defined as >6 specific spots per 100,000 PBMCs. The nonparametric distribution-free resampling (DFR) test gives a way of formally comparing antigenstimulated wells with negative control wells. As a minimum, the ELISPOT assay must be conducted at least in triplets. Furthermore, the nonparametric unpaired Mann-Whitney test was used to compare PD-L101-specific responders between patients with cancer and healthy donors.
Establishment of antigen-specific T-cell cultures
Two PD-L101-specific T-cell cultures were established. PBMCs from a patient with breast cancer (CM.21) and from a patient with melanoma (MM.05) were stimulated with irradiated PD-L101-loaded autologous dendritic cells. The following day, interleukin (IL)-7 and IL-12 (PeproTech) were added. Stimulation of the cultures were carried out every 8 days with PD-L101-loaded irradiated autologous dendritic cells (2Â) followed by PD-101-loaded irradiated autologous PBMCs. The day after peptide stimulation, IL-2 (PeproTech) was added.
Generation of dendritic cells
Dendritic cells were generated from PBMCs by adherence on culture dishes at 37 C for 1 to 2 hours in RPMI-1640. Adherent monocytes were cultured in RPMI-1640 supplemented with 10% FCS in the presence of IL-4 (250 U/mL) and granulocyte macrophage colony-stimulating factor (GM-CSF; 1000 U/mL) for 6 days. Dendritic cells were matured by addition of IL-b (1,000 U/mL), IL-6 (1,000 U/mL), TNF-a (1,000 U/mL), and PGE 2 (1 mg/mL).
Cytotoxicity assay
Conventional 51 Cr-release assays for CTL-mediated cytotoxicity were carried out as described elsewhere (24 HLA peptide exchange technology and ELISA To evaluate the affinity of the HLA-peptide complex, an UV exchange method was used in combination with a sandwich ELISA as previously described (25) . Two strong binder peptides [HLA-A2/CMV pp65 pos 495-503 (NLVPMVATV) and HLA-A2/ HIV-1 pol 476-484 (ILKEPVHGV)] and a sample not exposed to UV light were used as positive controls, whereas a sample without rescue peptide was used as a negative control. Positive controls were made in quadruplicates and PD-L101 peptide in triplicates.
PD-L1/CD274 sandwich ELISA
For the quantitative determination of PD-L1 concentrations in serum and plasma, the sandwich enzyme immunoassay technique was conducted using PD-L1/CD274 ELISA Kit (My BioSource). Samples of serum and plasma were obtained by centrifuging blood in Serum Cep Clot Activator glass and Heparin glass respectively at 3,000 rpm for 10 minutes. Samples and standards (0-1,000 pg/mL) were added to the wells of 96-well ELISA plate precoated with the capture anti PD-L1 mAb for 2 hours at 37 C. After removing the supernatant, 100 mL of biotin-conjugated antibody specific for PD-L1 was added for 1 hour at 37 C. The plate was washed twice with washing buffer, followed by the addition of avidin-conjugated horseradish peroxidase to each well for 1 hour at 37 C. Following washing with washing buffer, 100 mL of TMB substrate was added for 15 minutes at 37 C in dark. The reaction was stopped with the addition of stop solution, and the plate was measured at 450 and 570 nm by the ELISA Reader.
siRNA-mediated PD-L1 silencing
Stealth siRNA duplex for targeted silencing of PD-L1 (26) and recommended Stealth siRNA negative control duplex for medium GC content were obtained from Invitrogen. The Stealth PD-L1 siRNA duplex consisted of the sense sequence 5 0 -CCUACUGGCAUUUGCUGAACGCAUU-3 0 and the antisense sequence 5 0 -AAUGCGUUCAGCAAAUGCCAGUAGG-3 0 . For PD-L1 silencing experiments, mDCs were transfected with PD-L1 siRNA using electroporation parameters as previously described (27) .
Flow cytometric analysis
Flow cytometry analysis was conducted on a FACSCANTO II (BD Biosciences) to determine PD-L1 surface expression on mDCs before and after siRNA-targeted silencing, T2 cells, KIG-BCL, and HLA-A2 þ melanoma cell lines (MM1312.07 and MM.909.06) with or without IFN-g treatment. Cells were washed in PBS/1% bovine serum albumin (BSA) and subsequently stained either with FITC-or phycoerythrin (PE)-Cy5-conjugated anti-PD-L1 monoclonal antibody for 30 minutes on ice in PBS/1% BSA. Nonreactive isotype-matched antibody (BD Biosciences) was used as control. Fluorescence analyses were conducted using FACSDiva software (BD Biosciences) and FlowJo software (TreeStar). Similarly, PD1 surface expression on PD-L1-specific T cells and on PBMCs from patients was obtained.
HLA multimer staining
For multimer/tetramer staining, tetramers coupled with PE and APCs were prepared using MHC peptide exchange technology as described previously (25) . Staining was conducted with CD3-AmCyan, CD8-Pacfic Blue, CD4-FITC (BD Bioscience), and the HLA tetramer complexes HLA-A2/PD-L101 (PDL1 [15] [16] [17] [18] [19] [20] [21] [22] [23] ; LLNAFTVTV) or HIV-1 (pol [476] [477] [478] [479] [480] [481] [482] [483] [484] ; ILKEPVHGV) conjugated with APC/PE. Dead cell marker 7-AAD-PerCP (BD Biosciences) added before fluorescence-activated cell-sorting (FACS) analysis. For enrichment, the T-cell cultures were stained with HLA-A2/PD-L101 tetramer conjugated with PE for and subsequently isolated with anti-PE micro beads (MACS Miltenyi Biotec).
In some experiments, cells were stimulated with PD-L101 peptide (0.2 mmol/L) or an irrelevant HIV peptide and stained with CD107a-PE antibody (BD Biosciences) for 4 hours at 37
C. Subsequently, cells were stained with tetramer and surface markers and analyzed FACSCANTO II (BD Biosciences).
Results
Natural T-cell responses against PD-L1
The amino acid sequence of the PD-L1 protein was screened for the most probable HLA-A2 nona-and deca-mer peptide epitopes using the "Database SYFPEITHIP" (20) available at the internet. The peptide PD-L1 [15] [16] [17] [18] [19] [20] [21] [22] [23] (LLNAFTVTV) entitled "PD-L101" came out as the top candidate with a predictive score of 30 and this peptide was subsequently synthesized. A BLAST search of the amino acid sequences of these peptides using the "NCBI database" showed that this peptide motif is only prevalent in the PD-L1 protein. We scrutinized PBMCs from healthy individuals as well as patients with cancer for the presence of specific T-cell responses against this PD-L1-derived peptide using the IFN-g ELISPOT secretion assay. The ELISPOT assay has previously been used for the identification of novel tumor antigens based on spontaneous immunity in patients with cancer (28) (29) (30) . Thus, HLA-A2
þ PBMCs from patients with breast cancer, renal cell carcinoma, or melanoma were stimulated once with PD-L101 in vitro before examination by ELISPOT. Frequent and strong responses were detected against PD-L101 in several patients. Figure 1A exemplifies PD-L101-specific T-cell responses in 1 patient with renal cell carcinoma (RCC.46) and 2 patients with melanoma (MM.04 and MM.13). Overall, the presence of PD-L1-reactive T cells in the blood of patients with HLA-A2 þ cancer were revealed by IFN-g ELISPOT (Fig. 1B) . In addition, reactivity against PD-L1 was examined in PBMCs from healthy individuals (Fig. 1B) . Although PD-L1-specific T cells could be found among PBMC healthy individuals, it seemed to be less frequent than in patients with cancer, although a Mann-Whitney test illustrated that this difference not reached significance (P ¼ 0.06). Furthermore, it should be noted that the group of healthy individuals were younger (between 17-67 years old; average, 40 years old) than the group of patients (between 40-83 years old; average, 65 years old). Thus, the apparent difference between patients and healthy individuals may in addition be the result of an age difference. To explicate the data, 8 responding patients are depicted in a bar plot in Fig. 1C in which responses are compared with background for each patient. The IFN-g ELISPOT was conducted only in duplicates to save material and the response is, consequently, only considered by the empirical approach as suggested by the CIMT Immuno Guiding Program (CIP) guidelines. We further examined PBMCs from PD-L1 IFN-g-responding patients if PD-L101-specific cells in addition released the cytokine TNF-a. These experiments were carried out in triplicates. It can be seen from Fig.  1D that natural PD-L101-specific cells in addition released TNF-a upon stimulation with the PD-L1-derived epitope. In all 8 patients, the TNF-a response reached significance using a nonparametric DFR test. Next, we examined the level of soluble PD-L1 levels in the serum using a commercial available ELISA kit. We could not detect soluble PD-L1 in the serum from either responding or nonresponding patients (Supplementary Fig. S1 ). Thus, the levels of PD-L1 in the serum were not elevated in patients carrying T-cell responses. Furthermore, we examined the PD-1 and PD-L1 expression on the surface of PBMCs from the included patients with cancer. Again, we could not detect PD-L1 on T cells from peripheral blood either in responders or nonresponders. Furthermore, there were no correlation between PD-1 expression on peripheral T cells and the level of B7-H1-specific T-cell responses (Supplementary Fig. S1 ).
Unfortunately, we did not have access to tumor material from the patients we analyzed in ELISPOT.
Next, we examined the 3 responding patients for the presence of PD-L101-specific cells directly ex vivo without peptide stimulation in vitro. A direct ELISPOT is exemplified in Fig. 2A . While the frequency of PD-L1-reactive T cells are markedly increased by in vitro stimulation, PD-L1-reactive T cells were readily detectable ex vivo in selected patients (Fig. 2B) . Research.
on April 2, 2017. © 2013 American Association for Cancer cancerres.aacrjournals.org Downloaded from PD-L101 was examined for its ability to bind to HLA-A2 by the comparison with 2 HLA-A2-restricted, high-affinity epitopes, that is, HIV-1 pol 476-484 (ILKEPVHGV) and CMV pp65 pos 495-503 (NLVPMVATV) using peptide exchange technology followed by ELISA. PD-L101-bound HLA-A2 comparable with the high-affinity control epitope (Fig. 2C) . The high binding affinity of PD-L101 to HLA-A2 enabled us to make stable HLA-A2/PD-L101 tetramers, which were used to detect PD-L1-reactive CTLs by flow cytometry. First, we stained PBMCs from 2 PD-L101-responding patients with the HLA-A2/PD-L101-specific tetramer directly ex vivo. This revealed PD-L1-reactive T cells were detectable ex vivo in both patients (Fig.  2D) . In both patients, one in vitro peptide stimulation markedly increased the frequency of PD-L1-specific T cells. Next, we use PBMC from these patients with cancer (CM.21 and MM.05) to generate T-cell bulk cultures against this peptide in vitro.
Subsequently, we in vitro stimulated PBMCs from the patients with PD-L101-pulsed autologous dendritic cells. After 3 in vitro restimulations, clear HLA-A2/PD-L101-positive T cells were detectable (Fig. 2D) .
PD-L1-specific T cells are CTL
The cytolytic function of the PD-L1-specific cultures was tested in standard 51 Cr-release assays using TAP-deficient T2 cells as target cells either loaded with PD-L101 or an irrelevant control peptide from HIV. Figure 3A illustrates that the T-cell cultures from 2 different patients lysed T2 cells pulsed with PD-L101 efficiently, whereas no cytotoxic was observed against T2 cells pulsed with the irrelevant peptide. Furthermore, we added either the PD-L101 or the irrelevant HIV peptide directly to the T-cell bulk culture and analyzed the culture by FACS. This revealed distinct populations of HLA-A2/PD-L101 tetramer þ , CD107a þ cells in cultures with added PD-L101 (Fig. 3B) . Next, we examined whether PD-L101-specific T cells present among PBMCs directly displayed cytotoxic function. Thus, PBMCs from 3 patients with melanoma (MM.03, MM.53, and MM.135) all hosting PD-L101-specific, IFN-g-releasing T cells were analyzed for further reactivity against PD-L101 using the Granzyme B (GrB) ELISPOT. Responses against PD-L101 could be detected in the 3 patients (although only 2 reached significance) with a frequency at about 100 to 300 PD-L101-specific, GrB-releasing cells per 5 Â 10 5 PBMCs (Fig. 3C ).
Cytolytic activity against PD-L1 þ melanoma cells
Next, we examined capacity by PD-L101-specific CTLs to kill the PD-L1 þ melanoma cells MM1312.07 and MM.909.06.
A PD-L101-specific CTL culture killed both cell lines, although MM1312.07 was only efficiently killed at an effector-to-target ratio at 30:1 (Fig. 4A) . The CTL culture was highly Research.
on April 2, 2017. © 2013 American Association for Cancer cancerres.aacrjournals.org Downloaded from PD-L101-specific (Fig. 4B) . The PD-L1 expression by the 2 melanoma cell lines MM1312.07 and MM.909.06 were examined by FACS. Both cell lines expressed PD-L1, although MM1312.07 only did exhibit very low expression. IFN-g treatment increased the expression of PD-L1 in both cell lines (Fig.  4C ). In agreement with this, IFN-g treatment increased the killing of both melanoma cell lines (Fig. 4A) . To increase the killing of the recognition of the melanoma cells, we enriched the PD-L101-specific CTLs using HLA-A2/PD-L101 tetramercoupled magnetic beads. The resulting CTL culture consisted of about 78% tetramer-positive cells (Fig. 4D) and killed the melanoma cell lines MM1312.07 and MM.909.06 with very high efficiency (Fig. 4E) .
Next, we examined the expression of PD-1 on the surface of the PD-L1-specific CTLs, as well as on a tumor-specific T-cell culture of unknown specificity expanded from a patient with melanoma in a similar manner (Fig. 4F) . Interestingly, the PD-L1-specific CTLs did not express PD-1 in contrast to the positive control T-cell culture. It could suggest a selection of PD-1-negative CTLs among PD-L1-specific T cells, although it may be a result of the in vitro expansion. As a control, we conducted a 51
Cr-release assay with the inclusion of PD-L1-blocking Abs. These matters did not enhance CTL activity of the PD-L1-specific, PD-1-negative T cells ( Supplementary  Fig. S2 ).
PD-L1-dependent lysis of dendritic cells
PD-L1 can be induced in immune cells. Thus, as the next and very more important step, we addressed the question whether PD-L1-expressing mDCs would also be susceptible for killing by PD-L1-reactive CTLs. To test this notion, we generated autologous dendritic cells from the same donors from whom the CTL cultures had been generated; the dendritic cells were matured by the addition of a standard maturation cocktail consisting of IL-1b, IL-6, TNF-a, and PGE 2 (31) . We examined 2 different PD-L101-specific CTL cultures generated from 2 patients with cancer ( Fig. 5A and  B) . Both CTL cultures effectively killed PD-L1-expressing mDCs (Fig. 5 ). In addition, using different concentrations of PD-L1 siRNA, we downregulated PD-L1 protein expression in the autologous dendritic cells and thereby rescued the dendritic cells from being killed by the PD-L1-specific CTL cultures ( Fig. 5A and B) . As control, mDCs were transfected with medium GC-negative control siRNA. These dendritic cells were killed by both PD-L101-specific T-cell cultures ( Fig. 5A and B) . To validate knockdown of PD-L1 on the protein level, we analyzed PD-L1 surface expression on mDCs 24 hours after siRNA transfection (Fig. 5C ). These stainings confirmed that the use of PD-L1 siRNA reduced the level of PD-L1 protein expression in the cells (Fig. 5C ) in a concentration-dependent matter. Remarkably, the killing efficiency correlated with the amount of PD-L1 expressed by the dendritic cells.
TAP-independent cross-presentation of PD-L1 by nonprofessional APCs
We analyzed 2 long polypeptides from PD-L1; PDL1 9-28 (FMTYWHLLNAFTVTVPKDL) entitled "PDLong1" and PDL1 242-264 (VILGAILLCLGVALTFIFRLRKG) entitled "PDLong2". Only the former (PDLong1) included the sequence of PD-L101 (PDL1 [15] [16] [17] [18] [19] [20] [21] [22] [23] ; LLNAFTVTV). The PD-L101-specific CTLs were tested against the HLA-A2 þ EBV-transformed B-cell line KIG-BCL pulsed with PD-L101, PDLong1, PDLong2, or an irrelevant HIV peptide. B cells pulsed not only with the minimal PD-L101 peptide but in addition with PDLong1 peptide were recognized by the PD-L101-specific CTLs, whereas B cells pulsed with either the PDLong2 or HIV control peptides were not killed (Fig. 6A) . KIG-BCL cells did not express PD-L1 (Fig.  6D) . Similarly, we examined the ability of T2 cells to crosspresent the long PD-L1 peptide. Thus, the PD-L101-specific CTLs were tested against the T2 cells pulsed with PD-L101, PDLong1, PDLong2, or the HIV peptide. Despite the absence of TAP transporters in T2 cells, the PDL01 peptide was efficiently presented by T2 cells, as they were killed by the PD-L101-specific CTLs (Fig. 6B) . The killing was HLA-A2-restricted, as it could be blocked by the addition of anti-HLA-A2 antibodies (Fig. 6C ). T2 cells did not express PD-L1 (Fig. 6D) . Finally, we assessed whether PD-L101-specific CTLs recognized KIG-BCL or T2 cells pulsed with the full-length protein for at least 3 hours. KIG-BCL was apparently not able to cross-present the full-length protein, as these cells were not recognized (Fig. 6) . Surprisingly, however T2 cells pulsed with the full-length protein were recognized and killed by PD-L101-specific CTLs (Fig. 6B) . Thus, T2 cells were capable not only to take up, process, and present PDLong1 but in addition the full-length recombinant PD-L1 protein.
Discussion
Tumors as well as other cells in the tumor microenvironment express a range of cell surface molecules as well as soluble factors that affect cells of the immune system. PD-L1 is an important example (7, 32) . It binds the inhibitory receptor PD-1 on activated T cells. In contrast to the ligands for the other well-described inhibitory receptor CTLA-4, PD-L1 can be commonly found on the surface of tumor cells (15, (33) (34) (35) (36) . Furthermore, PD-L1 is induced in response to IFN-g (37) . Administration of antibodies against PD-L1 has been shown to promote tumor rejection in several models (37) , and several PD-1/PD-L1 antibodies are currently examined in clinical trials (14, 15) .
An alternative way to target this pathway may be through specific CTLs. In this regard, the data presented here suggest that natural CD8 reactivity toward PD-L1 exist. We examined PBMCs from patients with HLA-A2 þ cancer for reactivity against a PD-L1-derived peptide with high affinity toward HLA-A2 by means of the ELISPOT assay. We describe that T cells react to this PD-L1-derived peptide in patients with cancer and in addition in healthy donors. We describe that PD-L1-specific, CD8 T cells release both IFN-g and TNF-a. Most notable was the relative high numbers of specific T cells detected in a few individuals in whom we were able to measure specific T-cell responses directly ex vivo. Thus, with very few exceptions, it is not possible to detect tumor-associated antigen-specific T cells either by tetramer stainings or by ELISPOT in PBMCs directly ex vivo without an in vitro peptide stimulation (38) .
To address how PD-L1-specific CTLs develop in patients with cancer, it would have been very interesting to examine the expression level of PD-L1 in the tumor microenvironment. Unfortunately, we did not have access to tumor material from the patients we analyzed in ELISPOT. Instead we looked for correlations between expression of PD-L1 or PD-1 on PBMCs or soluble PD-L1 in the serum and specific T-cell responses. However, we could not detect any correlation. These data could suggest that it is-at least in part-PD-L1 expression in the tumor microenvironment, which are responsible for the measurable T-cell responses against PD-L1 in the periphery.
However, it should be noted that when measuring HLArestricted CTL responses, it is always difficult to compare responders and nonresponders. Hence, in patients without a detectable response, there might be a response against another peptide derived from the same protein restricted to the same or another HLA molecule. As we have only measured HLA-A2 responses against one epitope, this might indeed be the situation in our study.
The IFN-g ELISPOT assay is a very sensitive and solid method for the monitoring of T-cell responses. However, as IFN-g secretion is not restricted to cytotoxic cells, the proof hereof needs to be established directly. One means of CTLmediated target cell death is the granule-mediated pathway via the release of GrB. Hence, the GrB ELISPOT assay can be used to estimate the frequency of cytolytic effector cells (39) , as the GrB ELISPOT directly determines the release of a cytolytic protein. Here, we confirmed that the PD-L1-specific T cells in the PBMCs indeed were cytolytic effector cells by means of the GrB ELISPOT assay. In addition, we generated PD-L1-specific T-cell cultures by restimulation of PBMCs with PD-L1 peptide in vitro and showed that the resulting T-cell lines were PD-L1-specific. These PD-L1-specific T cells were able to lyse melanoma cells. Even more distinctive was our finding that PD-L1-specific CTLs recognize and kill in vitro mDCs in a PD-L1-dependent manner. Thus, the knockdown of PD-L1 by siRNA transfection rescued dendritic cells from killing by PD-L1-specific T cells. These findings describe that in cells expressing PD-L1, the protein is degraded and the peptide epitope is subsequently processed and presented on the cell surface restricted to HLA-A2 molecules.
Cross-presentation is defined as the processing of exogenous antigens into the HLA class I pathway (40) . We show that long peptides from PD-L1 can be cross-presented by B cells as well as T2 cells without the requirement of professional APCs, that is, dendritic cells or macrophages. This observation may be of crucial importance, as a soluble form of PD-L1 that retains its immunosuppressive activity has been identified in patients with renal cell carcinoma (41) . The capacity of T2 cells to process the long peptide PDLong1 and even to some extent the full-length recombinant protein showed the TAP-independent nature of the cross-presentation of PD-L101. Nonprofessional APCs have previously been shown to cross-present HLA class I-restricted epitopes from exogenous NY-ESO polypeptides in a similar TAP-independent way (42) . Because of the important functions of PD-L1 in immune regulation, it could seem surprising that a natural specific Tcell response against PD-L1 exist. PD-L1 expression affects various cells involved in both adaptive and innate immune responses. First of all, as peripheral blood T cells express PD-L1, this could result in presentation of PD-L1-specific peptide/ HLA ligands on the surface with simultaneous self-recognition and fratricide as a result. In this regard, it was recently described that lymphocytes expressing high-avidity transgenic T-cell receptors recognizing the tumor-associated antigen survivin underwent extensive apoptosis over time due to expression of survivin in lymphocytes (43) . Interestingly, the in vitro generated PD-L1-specific CTL did not express PD-1 on the cell surface. This could of cause be a result of the in vitro expansion. However, it may suggest a selection of PD-1 negative CTLs. Hence, it must be assumed that PD-1-positive, PD-L1-specific CTL themselves are hampered by the suppressive effects of their target.
PD-L1 is a major player in the immune system, it could be speculated that such T cells are involved in general immune regulation. It may indeed be possible that the natural reactivity toward PD-L1 in normal individuals contribute to immune homeostasis. Thus, PD-L1-specific CTL might participate in the inflammation process as regulatory cells. However, it is important to consider that PD-L1 is expressed not only tumor cells but also on normal immune cells. PD-L1 is expressed on resting T cells, B cells, dendritic cells, as well as macrophages (44) and is upregulated upon activation in response to IFNs (4, 45) . Thus, PD-L1-specific CTLs may as well eliminate such cells in addition to PD-L1-expressing tumor cells. As a result hereof, PD-L1-specific PD-L1 may, in fact, downregulate antitumor immunity by the inhibition of the priming, activation, or the maintenance of tumor antigen-specific CTLs. The major role of PD-1 is to limit the activity of T cells in the periphery during an inflammatory response and to limit autoimmunity (46) . The overall biologic function of PD-L1-specific T cell may thus vary depending on the microenvironment and the state of the immune response. Hence, PD-L1-specific CTLs might inhibit the activation of an immune response by killing PD-L1-positive APCs. In contrast, PD-L1-specific CTLs may well boost the effector phase by the removal of PD-L1-expressing regulatory cells that inhibit PD-1-positive effector cells. Thus, it is still a question on how and when such PD-L1-specific T cells become activated under normal physiologic conditions and what, if any, potential role such autoreactive T cells play in immune regulation. These matters still await in vivo studies. It should be mentioned that we recently showed similar spontaneous T-cell reactivity against the immune regulatory protein IDO (19, 47) . We showed that the presence of such IDO-specific CD8 þ T cells boosted Tcell immunity against viral or tumor-associated antigens by eliminating IDO þ suppressive cells. IDO-specific CTLs enhanced T-cell immunity by eradicating IDO þ regulatory cells. Furthermore, we have previously shown that heme oxygenase-1-specific CD8 þ suppressor T cells (18) were present in PBMCs from patients with cancer. Taken together, this could suggest that specific immunity toward very wide-ranging immune regulatory proteins is more than just exceptions to the rule. Finally, it should be noted that unregulated expression of PD-L1 is not just described in cancer but in multiple pathogenic settings especially during chronic infection (48, 49) and inflammatory diseases, for example, multiple sclerosis (50) and rheumatoid arthritis (16) . The data presented here further warrant the examination of a potential role of PD-L1-specific T cells in these settings.
It should be further mentioned that there is a major difference between blocking PD-L1 (or PD-1) function by antibody therapy and generating an HLA-restricted, T-cell response against PD-L1-derived epitopes. PD-L1 antibodies target the function of the surface protein, whereas PD-L1-specific T cells recognize and kill cells expressing PD-L1 epitopes on the surface, which are derived from intracellular PD-L1. Thus, great attention should be paid whether use PD-L1-specific T cells for therapy. Although the peripheral blood of healthy subjects does contain PD-L1-specific class I-restricted lymphocytes, this finding does not mean that they are also cytolytic for PD-L1-expressing cells. In vivo data with PD-L1/PD-1 blocking antibodies have suggested that the inhibition of this pathway in vivo may lead to evident toxicity. However, one thing is to inhibit one molecule of a cell another is to kill an entire cell.
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